[1] To investigate the spatial distribution of earthquakes along oceanic transform faults, we utilize a 3-D finite element model to calculate the mantle flow field and temperature structure associated with a ridge-transformridge system. The model incorporates a viscoplastic rheology to simulate brittle failure in the lithosphere and a non-Newtonian temperature-dependent viscous flow law in the underlying mantle. We consider the effects of three key thermal and rheological feedbacks: (1) frictional weakening due to mantle alteration, (2) shear heating, and (3) hydrothermal circulation in the shallow lithosphere. Of these effects, the thermal structure is most strongly influenced by hydrothermal cooling. We quantify the thermally controlled seismogenic area for a range of fault parameters, including slip rate and fault length, and find that the area between the 350°C and 600°C isotherms (analogous to the zone of seismic slip) is nearly identical to that predicted from a half-space cooling model. However, in contrast to the half-space cooling model, we find that the depth to the 600°C isotherm and the width of the seismogenic zone are nearly constant along the fault, consistent with seismic observations. The calculated temperature structure and zone of permeable fluid flow are also used to approximate the stability field of hydrous phases in the upper mantle. We find that for slow slipping faults, the potential zone of hydrous alteration extends greater than 10 km in depth, suggesting that transform faults serve as a significant pathway for water to enter the oceanic upper mantle.
Introduction
[2] The relatively simple fault geometry and wellcharacterized slip rates associated with oceanic transform faults make them excellent locations for studying earthquake behavior. Several aspects of the mechanical behavior of transform faults are relatively well understood. Total seismic moment release rates and the size of the largest earthquakes are linked to variations in fault properties, such as slip rate and fault length [Engeln et al., 1986; Bird et al., 2002; Boettcher and Jordan, 2004] . Furthermore, global observations indicate that oceanic transforms sustain a higher degree of aseismic slip and a relatively narrow seismic fault width compared to continental strike-slip systems [Bird et al., 2002; Boettcher and Jordan, 2004] . Geodynamic modeling of normal fault rotations adjacent to transforms [Phipps Morgan and Parmentier, 1984; Behn et al., 2002 ] also demonstrate that oceanic transform faults are mechanically weak. Observations of oceanic earthquakes [Wiens and Stein, 1983; Engeln et al., 1986; Bergman and Solomon, 1988; Abercrombie and Ekstrom, 2001; Braunmiller and Nábělek, 2008] indicate that in the oceanic lithosphere, the maximum depth of seismicity is thermally controlled. Therefore, characterizing the temperature structure of oceanic transforms is fundamental for understanding the partitioning of seismic and aseismic slip and for determining the spatial distribution of earthquakes.
[3] Transform fault thermal structure is commonly estimated using analytic solutions that average the temperature predicted from a half-space cooling model across the two sides of the fault [e.g., McKenzie, 1969] . Results from these calculations have been used to investigate the temperature control on the depth of earthquakes [Engeln et al., 1986; Bergman and Solomon, 1988; Abercrombie and Ekstrom, 2001; Braunmiller and Nábělek, 2008] , and to estimate seismic coupling along oceanic transform faults [Bird et al., 2002; Boettcher and Jordan, 2004] . These studies indicate that seismicity is limited to temperatures less than 600°C, consistent with laboratory experiments on olivine . An alternative method for calculating transform fault thermal structure utilizes geodynamic models that incorporate advective heat transport due to mantle flow [Phipps Morgan and Forsyth, 1988; Shen and Forsyth, 1992; Furlong et al., 2001] . As discussed by Behn et al. [2007] these geodynamic models predict much colder transform thermal structure unless the weakness of the brittle portion of the fault is explicitly included. Behn et al. [2007] showed that by incorporating a viscoplastic rheology, the depth to the 600°C isotherm at the fault center is similar to that calculated from the half-space model. However, while this model improved upon previous models, it neglected several key processes such as non-Newtonian viscous flow, hydrothermal circulation, and shear heating, and did not explore the effects of fault length and slip rate.
[4] The primary motivation of our study is to explore the links between hydrothermal circulation, thermal structure, and rheology along oceanic transform faults. Enhanced permeability associated with fracturing provides a mechanism for increased fluid circulation and subsequent alteration of the crust and mantle. Hydrothermal cooling has been shown to significantly influence the thermal structure along highly tectonized parts of the oceanic lithosphere [Sleep, 1975; Phipps Morgan et al., 1987; Phipps Morgan and Chen, 1993; Cherkaoui et al., 2003] . Metamorphic alteration also occurs when water comes into contact with rocks of mantle composition, evidenced by reduced seismic velocities observed along transform faults [Detrick et al., 1987 [Detrick et al., , 1993 Van Avendonk et al., 1998; Canales et al., 2000] and the presence of altered mantle phases recovered by seafloor dredging [Dick, 1989; Cannat et al., 1995] . There are several ways that mantle alteration at transform faults may influence tectonic and petrologic processes. Hydrous mantle minerals are weaker than most other minerals in the oceanic crust and upper mantle [O'Hanley, 1996; Moore et al., 1997] . Their presence in fracture zones influences frictional behavior and may control the transition between stable sliding and stick-slip behavior. Although serpentine demonstrates stable sliding at low temperatures, under warmer conditions (>∼350°C) a transition to velocity weakening is observed [Moore et al., 1997] . This change in the frictional behavior of serpentine may control the upper depth limit of the seismogenic zone. Additionally, because altered peridotite can contain large amounts of water, hydrated mantle minerals formed along transform faults would also contribute significantly to the water budget of the mantle [Hacker, 2008] . For example, serpentine contains up to 14 wt % water in its crystal structure [O'Hanley, 1996] . Altered mantle rocks formed in transform fault settings will be advected off axis with plate motion and eventually subducted at convergent margins. In this way, mineralogically bound water along transform faults can influence arc volcanism when dehydration occurs during heating of the subducted slab [Grove et al., 2006] .
[5] Here, we develop a more realistic model for oceanic transform fault thermal structure by exploring three important thermal and rheological feedbacks: (1) frictional weakening due to mantle alteration, (2) shear heating, and (3) enhanced hydrothermal cooling associated with brittle deformation. We incorporate these feedbacks into numerical models that simulate mantle flow using a viscoplastic rheology, similar to the Behn et al. [2007] model, but with the temperature-dependent viscous flow law replaced with a nonlinear power law appropriate for non-Newtonian dislocation creep. We discuss our predicted thermal structure for a range of fault lengths and slip rates. Our findings are then related to the observed distribution of seismicity in a number of settings and the extent of alteration of the oceanic upper mantle. [6] We use the finite element software package, COMSOL Multiphysics v.3.5, to solve for conservation of mass, momentum and energy assuming steady state incompressible flow:
Methods

Model Setup
In the conservation equations outlined above, u is velocity, T is temperature and p is pressure. Other symbols represent constants and material properties, which are described in Table 1 . We assume the infinite Prandtl number approximation, for which the left-hand side of equation (2) is negligible. COMSOL has been benchmarked for non-Newtonian temperature-dependent flow in geologic settings [van Keken et al., 2008] , and used previously to model mantle flow and temperature structure around oceanic transform faults [Behn et al., 2007] . [7] We model a ridge-transform-ridge system in which a transform fault of length, L T , offsets two ridge segments, each extending a distance, L T /2, on either side of the transform (Figure 1 ). In this way, the lateral extent of the model domain is dependent on the fault length, with dimensions of 2L T in the along-fault (X) direction, and L T in the faultperpendicular (Y) direction ( Figure 1 ). All models extend to a depth of 100 km. The model domain was chosen such that the sides and bottom of the model do not influence the solution. Mantle flow is driven by imposing a surface velocity with a half slip rate, u 0 /2, on either side of the fault. The boundary conditions on the sides and bottom of the model are stress-free, allowing convective flux in and out of the model space and mantle upwelling from below. Temperature is fixed to T s = 0°C and T m = 1300°C at the surface and bottom boundaries of the model space, respectively (Figure 1 ).
[8] Numerical solutions for the temperature and flow field are determined using a 3-D mesh of second-order brick elements with finer grid spacing at shallow depths and along the fault plane. We tested a range of gridded mesh spacings along the fault-parallel and fault-perpendicular directions, to insure that the grid spacing is sufficiently fine as to not influence the model solutions. Exact numerical grid spacing of the models presented here varies for different fault length solutions to minimize computation time while still maintaining the insensitivity to mesh spacing. For a 100 km fault model, we use an ∼8 km mesh along the x direction and a ∼7 km mesh along the y direction. The numerical solution follows a basic Newton method of residual minimization, with a convergence criterion based on a weighted Euclidean norm and a tolerance of 1e-6 for the estimated relative error. Full slip rates modeled here range from 3 to 12 cm/year, and we explore solutions for transform faults with lengths ranging from L T = 50-500 km.
Rheology Model
[9] We develop a rheologic model for oceanic transform faults using deformation laws that simulate the processes we expect to occur in transform settings. In the oceanic lithosphere, permanent deformation is accommodated by two primary mechanisms. At shallow depths, yielding occurs by brittle failure along preexisting fault planes and can be described by a linear, pressure-dependent friction law. Deeper in the lithosphere, viscous flow dominates deformation, characterized by thermally activated dislocation creep. To account for both of these processes, we employ a nonlinear viscous rheology with a plastic approximation that allows for brittle weakening in the shallow, cooler part of the lithosphere.
[10] Where temperatures are sufficiently high for rocks to deform by dislocation creep, strain rate and differential stress are related through a temperaturedependent non-Newtonian power law rheology [Kirby, 1983] :
The parameters in equation (4) are determined from triaxial experiments, where _ a represents the axial strain rate, s 1 − s 3 is the differential stress, and R is the gas constant. We use values for A, the preexponential constant, n, the power law exponent, and E, the activation energy appropriate for dry olivine [Hirth and Kohlstedt, 2003] (Table 1) . [11] To incorporate the experimentally derived flow law into our viscoplastic rheology model, we calculate a "creep viscosity" (h creep ) that is a function of the strain rate and temperature everywhere within the model. The expression for h creep is derived from equation (4) and the isotropic stress-strain relation, s ij = 2h _ ij such that:
This relation follows from the assumption that, for an incompressible material, the axial strain rate ( _ a ) in equation (4) can be related to the second invariant of the strain rate tensor, _ II [Chen and Morgan, 1990] . [12] In the cooler lithosphere, where deformation occurs by brittle failure, we use the Coulomb friction criteria to calculate the maximum stress. The maximum shear stress, t max , is a function of the friction coefficient, m, the cohesive strength, C, and the effective normal stress, " n , acting on the fault plane:
The shear and effective normal stresses can be represented in terms of the maximum and minimum principal effective compressive stresses, " 1 and " 3 [Zoback and Townend, 2001] :
where
For a mid-ocean ridge setting, we assume that " 1 is the effective vertical stress, " v = (r − r w )gh. The maximum differential stress supported within the lithosphere, Ds brittle , can then be expressed in terms of the effective vertical stress, the coefficient of friction and the cohesion:
[13] We incorporate the brittle deformation law into our rheology model by specifying a "frictional viscosity" (h fric ) that is a function of the maximum stress calculated from our brittle law (equation (9)) and the strain rate [Chen and Morgan, 1990] :
h fric forces the flow in our model to be consistent with the maximum stress in regions where the brittle failure criteria controls deformation. We use h fric in our composite rheology to mimic properties of a plastic rheology within the context of a viscous model.
[14] The assumption that " 1 = " v made in the above formulation is valid for tectonic settings under horizontal extension, and is therefore appropriate for most of the mid-ocean spreading ridge environment. For simplicity, we assume this is valid everywhere within the model space, acknowledging that " v = " 2 within the transform domain. Applying this assumption within the transform allows strike-slip fracture planes to fail at a slightly lower differential stress than theoretically predicted. However, as we show in section 3.1, decreasing the coefficient of friction has a relatively small effect on the predicted flow field and derived temperature structure, and thus should not greatly influence our model results.
[15] To incorporate both brittle and viscous deformation mechanisms into a composite rheological model, we assume that under a given set of conditions, deformation occurs by the mechanism with the smallest viscosity. This is accomplished by calculating an effective viscosity such that:
h eff is specified in equation (2) to compute the flow field. The third term in equation (11) represents a maximum viscosity that is included to aid numerical convergence. In our solution process, mantle flow and temperature are first calculated for a constant viscosity (h 0 = 10 19 Pa s). We use the strain rate from the initial solution to calculate viscosity values (equations (5) and (10)) and incorporate the composite rheology (equation (11)) in the flow laws of subsequent solutions. We then iteratively increase the maximum viscosity term in our composite rheology, from h max = h 0 to 10 24 Pa s. A stress versus depth profile beneath the transform that results from this composite rheology model is displayed in Figure 2a . [16] The constitutive equations and rheology model outlined thus far compose our base model. We build upon this base model by exploring three additional rheological and thermal feedbacks that simulate processes that potentially influence fault temperature and stress conditions.
Frictional Weakening
[17] In a transform environment, the lithosphere deforms brittlely to depths that extend into the upper mantle [Brace and Kohlstedt, 1980; Kirby, 1983] . Increased permeability associated with brittle cracking may provide a conduit for seawater to come into contact with mantle rocks, leading to alteration. The presence of hydrated phases in the oceanic lithosphere has important implications for the mode of brittle failure. Laboratory studies demonstrate that rocks with even a small degree of serpentinization may be significantly weaker than unaltered peridotite [Escartin et al., 2001] . [18] We incorporate the effects of mechanical weakening associated with serpentinization by modifying equation (9) when two conditions are met: (1) deformation occurs brittlely (h fric < h creep ) and (2) serpentine or talc is stable based on the stability fields of Poli and Schmidt [2002] for watersaturated peridotites. For a hydrous lherzolite composition, serpentine is stable at temperatures below 540°C and talc is stable for temperatures between approximately 540°C-640°C at a depth of 10 km (pressures of ∼ 300 MPa) [Poli and Schmidt, 2002] . In serpentinized regions, the coefficient of friction (m) in equations (6)- (9) is adjusted from the unaltered olivine value of 0.85 to 0.1, the lower labderived value appropriate for lizardite, chrysotile, and talc [Reinen et al., 1994; Moore et al., 1997] . A schematic diagram showing a stress profile that reflects our composite viscoplastic rheology modified by the effects of serpentinization is shown in Figure 2b .
Shear Heating
[19] During deformation, most dissipated mechanical energy is converted into heat, increasing the temperature in zones of localized strain. Analytical calculations demonstrate that shear heating will result in considerable heat production along faults that support shear stresses ≥10 MPa [Fleitout and Froidevaux, 1980] . To analyze the importance of shear heating in transform settings, we incorporate a heat source term into equation (3) that represents the rate of energy dissipation per unit volume due to viscous dissipation. This value is the product of the stress and strain rate. Using the isotropic stress-strain equation [Chen and Morgan, 1990 , section 2.2], we calculate the heat source term as a function of the strain rate invariant and the viscosity [Brun and Cobbold, 1980] :
where h eff is taken from equation (11).
Hydrothermal Cooling
[20] In young oceanic crust, heat flow patterns are strongly affected by convection of seawater through regions of the lithosphere that experience brittle cracking and enhanced permeability [Phipps Morgan and Chen, 1993] . We approximate the effects of hydrothermal cooling by increasing thermal conductivity [e.g., Sleep, 1975; Phipps Morgan et al., 1987; Cherkaoui et al., 2003] in regions of predicted brittle failure and fluid circulation. In our model, this increase in conductivity is simulated by a Nusselt number (Nu), which represents the ratio of the total heat transport within a permeable layer to heat transfer by conduction alone [Phipps Morgan et al., 1987] . We investigate results for Nu = 1-8 to simulate different efficiencies of hydrothermal cooling. The upper end of this range is motivated by Phipps Morgan and Chen [1993] , who found that Nu = 8 was required to match seismic velocity observations of the presence and depth of a steady state magma lens over a range of spreading rates.
[21] Temperatures recorded in hydrothermal vent discharge [Phipps Morgan et al., 1987] and geochemical data [Bonatti and Honnorez, 1976; Francis, 1981; Kelley and Gillis, 2002] indicate that hydrothermal circulation may extend to lithospheric depths corresponding to temperatures of 400°C to 700°C. These data suggest that the depth limit of hydrothermal fluid circulation is controlled by the maximum depth of brittle failure. Here, we constrain the region of simulated hydrothermal cooling to be within the predicted zone of brittle failure (i.e., the zone in which our brittle rheology law dominates the effective viscosity). To simulate a decrease in permeability with depth, we decrease the efficiency of hydrothermal cooling, down to a reference depth (z ref ), below which we assume fractures are closed by the overburden pressure [e.g., David et al., 1994; Cherkaoui et al., 2003] .
[22] This hydrothermal feedback is incorporated into equation (3) via an effective thermal conductiv- 
where k 0 represents the reference thermal conductivity without hydrothermal circulation (Table 1) . The error function and exponential terms in this expression, with the associated nondimensional constants C S and C D , control the smoothness of the effective conductivity across the brittle-ductile transition and with depth, respectively. In warm/thin lithosphere, where only a thin region deforms brittlely, hydrothermal circulation is limited to the shallow brittle zone, decreasing to the reference conductivity value at the maximum depth of brittle failure (Figures 3c and 3d) . In cold/thick lithosphere, brittle deformation likely extends to depths at which the overburden is too high for connected cracks to be supported. Under these conditions, the maximum depth of the hydrothermal cooling is controlled by the effect of overburden pressure on permeability (Figures 3a and 3b) .
Model Results
[23] The thermal structure calculated using our base model is displayed in Figure 4 for a full slip rate (u 0 ) of 3.0 cm/yr and transform length (L T ) of 100 km. One key feature of these results is the mantle upwelling in the center of the transform beneath the zone of high strain rate and lower effective viscosity. In this zone, advection of hot mantle leads to warmer temperatures relative to the surrounding lithosphere of the same age (Figures 4a and 4d) . The combined effects of conductive cooling with distance from the ridge and advective heating in the center of the fault result in a relatively uniform thermal structure along the fault, with no significant shoaling of the isotherms except near the fault ends (Figures 4b and 4c ). These general characteristics of the thermal structure are consistent over the full suite of model parameters we examined.
[24] To compare differences in individual model runs, we characterize solutions in terms of the maximum depth of the 600°C isotherm (Z 600 m ) and the area above the 600°C isotherm (A 600 ). We also calculate the area between the 350°C and 600°C isotherms (A 350-600 ). As discussed above, the 350°C and 600°C isotherms likely represent the lower and upper temperature bounds on the seismogenic zone in mantle rocks. Using these parameters, we can quantify the dependence of the temperature structure on slip rate and fault length. As slip rate decreases from 12 to 3 cm/yr, Z 600 m deepens from approximately 4.0 to 7.3 km in models with L T = 100 km (Figure 5b) . Similarly, both A 600 and A 350-600 increase with decreasing slip rate (Figure 5a ). The area of the seismogenic zone also correlates with fault length (Figure 6 ). For longer faults, A 600 increases due to the greater contribution of conductive cooling near the center of the fault. For example, for a slow slipping fault (u 0 = 3 cm/yr), A 600 increases by approximately an order of magnitude between solutions with L T = 50 and 200 km. This change is also observed in Z 600 m , which deepens from ∼5 to 10 km between L T = 50 and 200 km.
[25] When we compare our model results to a halfspace cooling model, we find that estimates of A 600 and A 350-600 are remarkably similar for a range of slip rates and fault lengths (Figures 5a and 6a) . However, solutions calculated using the half-space model are characterized by a lithosphere that cools and thickens with distance from the ridge-transform intersection and isotherms that gradually deepen toward the center of the transform fault (white lines in Figures 4b and 4c) . In contrast, isotherms predicted from our model deepen more steeply near the ridge, and then flatten, maintaining a relatively constant depth to center of the fault (Figures 4b and 4c) . As a result, the width of the seismogenic zone is uniform along most of the fault (Figure 5b ). Below, we discuss the effects of weakening due to mantle alteration, shear heating, and hydrothermal cooling on our thermal results.
Frictional Weakening
[26] The colder thermal structures predicted for longer faults and slower slip rates result in brittle deformation and zones of hydrous alteration that extend deeper into the lithosphere. However, frictional weakening associated with serpentinization results in negligible changes to the thermal structure. For example, models in which the friction coefficient is lowered within the zone of serpentinization, show changes in Z 600 m and A 600 on the order of 0.1 km and 1%, respectively, for a fault with u 0 = 3.0, L T = 100 km.
[27] We further explore the sensitivity of our results to fault weakening, using constant values of the friction parameters (m, C) throughout the entire model space (Figure 7 ). m and C limit the maximum differential stress in the brittle part of the lithosphere. Three trends are found between frictional strength and fault thermal structure, highlighted by arrows in Figure 7b . First, as C increases, the amount of passive mantle upwelling beneath the transform decreases, resulting in less heat transport to the fault and cooler fault temperatures (trend I in Figure 7b) . Second, for models with C = 10-40 MPa, decreasing m leads to more localized strain along the fault. This also reduces advective heat transport into the fault domain, leading to cooler temperatures (trend II in Figure 7b ). Finally, when the C <∼ 3 MPa the lithosphere cannot support large differential stresses. In this case, decreasing m promotes modest strain localization, which facilitates mantle upwelling along the transform and slightly warmer fault solutions (trend III in Figure 7b ). Overall, for the range of m and C examined, the total change in the calculated temperature structure is relatively small, ∼1 km in Z 600 m over all frictional parameters.
Shear Heating
[28] Models that incorporate shear heating show a small increase in temperature along the fault (Figure 6 ). The magnitude of the temperature increase associated with shear heating scales with the fault length. For example, a transform of length L T = 100 km produces a positive temperature anomaly of 20°C, while a transform of length, L T = 500 km produces an anomaly of ∼45°C. However, even for the longest transforms we examined, including shear heating only decreases A 600 by ∼1% and Z 600 m by <1 km relative to the base model ( Figure 6 ). This results because Q sh is largest along the base of the fault zone, where strain rate and effective confining stress are high. As shear heating warms the base of the fault, the brittle-ductile transition shallows, due to the temperature dependence of viscosity. This reduces Q sh and effectively buffers the effect of shear heating on fault thermal structure. 
Hydrothermal Cooling
[29] For all transform geometries, hydrothermal cooling has a significant effect on the derived thermal structure. As the efficiency of fluid circulation increases (simulated by higher Nu), transform faults become progressively cooler. For models with Z ref = 6 km, the most significant cooling occurs between Nu = 1-4 (Figure 8 ) with smaller changes for Nu > 4.
[30] The decrease in relative cooling for higher Nusselt numbers reflects the importance of the permeability structure for limiting hydrothermal circulation in regions of thick lithosphere. Initially, as Nu increases, the greater efficiency of hydrothermal circulation rapidly cools the transform. However, as the effective thermal conductivity continues to increase, heat flow becomes limited by the assumed pressure dependence of permeability. We explore this effect by varying Z ref , the approximate depth of pore closure. For Z ref = 6 km, Z 600 m increases by less than 2 km between Nu = 2 and Nu = 8, regardless of slip rate or fault length. In contrast, for Z ref = 15 km, the region of high permeability extends to greater depths, and Z 600 m increases by ∼5 km for the Nu = 8, slow slipping solution (Figure 8b ).
Discussion
[31] Our numerical model provides insight into the size and shape of the seismogenic zone along oceanic transform faults. It also serves as a tool for estimating the amount of alteration along the transform and in the surrounding lithosphere. We find that both the size of the seismogenic zone and the extent of mantle hydration increase for longer faults, slower slip rates, and more efficient hydrothermal circulation. Below, we discuss the implications of our results for seismicity at oceanic transform faults 
Implications for Oceanic Transform Fault Seismicity
[32] The seismogenic area estimated from either A 350-600 or A 600 is remarkably consistent between our model results and those derived from the halfspace model (Figures 5 and 6 ). This result implies that half-space models can be used to accurately estimate seismic coupling across oceanic transform faults. However, our models show significant differences in the geometry of the seismogenic zone compared to that predicted by the half-space cooling model. Specifically, the upper and lower isothermal bounds on the seismogenic zone deepen quickly near the ridge-transform intersection and then maintain a constant depth along the length of the fault. This differs from the seismogenic zone predicted from the half-space cooling model, in which isotherms deepen gradually with distance from the ridge-transform intersection to the center of the fault. The seismogenic width predicted from the half-space model thus thickens appreciably toward the center of the fault, in contrast to our numerical results that predict the seismogenic width remains nearly constant (Figure 4) . [33] To date, local and global-scale studies of oceanic transform fault seismicity have not definitively resolved any deepening of seismicity toward the center of transform faults. For example, ocean bottom seismic studies indicate the depth of seismicity along the Orozco [Trehu and Solomon, 1983] and Kane [Wilcock et al., 1990] transform faults show no systematic deepening away from the ridgetransform intersection. Teleseismic body wave inversions [Bergman and Solomon, 1988; Abercrombie and Ekstrom, 2001 ] correlate earthquake distributions along the fault with the average depth of the 600°C isotherm predicted by the half-space model, but are unable to resolve along fault variations in focal depths.
[34] A regional inversion of surface waves from the Blanco transform also shows relatively constant fault width [Braunmiller and Nábělek, 2008] . In Figure 9 we compare earthquake depths along the Blanco transform with the thermal structures derived from half-space cooling and our model. In both models, we incorporate the Cascadia Depression as an intratransform spreading center, motivated by observations from seismic reflection data [Embley et al., 1987] , as well as the morphological expression of the offset [Embley and Wilson, 1992] and earthquake T axes [Braunmiller and Nábělek, 2008] . We find that while the half-space cooling model predicts the approximate maximum depth of seismicity at the center of the active eastern and western Blanco segments, it significantly underpredicts the depth of seismicity surrounding the ridge-transform intersections and the Cascadia Depression. In contrast, our numerical model predicts deeper seismicity near the end of the fault segments, in better agreement with the observed earthquake depths. Assuming hydrothermal circulation with Nu = 8 results in a good fit of the 600°C isotherm with the lower limit of seismicity along each of the fault segments. This Nusselt number is consistent with the preferred value used by Phipps Morgan and Chen [1993] to match magma lens depths along the global ridge system. The Nu = 8 model predicts that some of the Blanco earthquakes occur in lithosphere cooler than 350°C. The 350°C isotherm approximates the upper bound on the seismogenic zone based on the frictional characteristics of serpentine, which may not be present in the zones of shallow seismicity located within the crust. Thus, it appears that our model does a better job capturing the seismogenic zone of the Blanco transform as compared to the half-space cooling model.
Hydration of the Oceanic Mantle at Transform Faults
[35] Transform faults have long been recognized as tectonic settings where the mantle may undergo extensive alteration and serpentinization [Bonatti and Honnorez, 1976; Francis, 1981; Dick, 1989; Cannat et al., 1995; Detrick et al., 1987 Detrick et al., , 1993 Canales et al., 2000] . Results from our numerical models provide a basis for quantitatively estimating the amount of hydration expected in transform settings. Simulations of relatively longer faults and slower slip rates show that brittle deformation extends into the upper mantle (Figure 4 ). Incorporating hydrothermal cooling further increases the depth of brittle deformation. In Figure 10 we show the calculated stability of antigorite and talc [Poli and Schmidt, 2002] at a depth of 10 km for a slow slipping transform fault. Figure 10 illustrates the enhanced hydration surrounding the transform fault relative to the adjacent ridge axes, and shows how this region of alteration may be advected off axis.
[36] Hydrated peridotite is capable of transporting significant amounts of water to the arc melting region and postarc depths in subduction zones [Hacker, 2008] . Thus, the subduction of oceanic mantle that is hydrated at transform faults may promote arc magmagenesis and contribute appreciably to the flux of water to the deep mantle. Several studies have identified alteration at fracture zones as localized sources of water in the subducting slab. Grove et al. [2002] suggest that H 2 0-rich lavas erupted from Mount Shasta were derived from the dehydration of subducted serpentine that formed along the Blanco transform. Similarly, highly localized, water-rich magmas found along the Andean Southern Volcanic Zone have been correlated with the subduction of lithosphere influenced by the Mocha Fracture zone [Rodríguez et al., 2007] . Future studies are required to determine whether there is a spreading rate dependence to the transport of water into the mantle, as would be predicted from our calculations.
Conclusions
[37] We have developed a new rheologic model to calculate the thermal structure of oceanic transform faults, which incorporates both nonlinear viscosity and brittle deformation into a viscoplastic rheology. We also incorporate the effects of three key feedbacks: frictional weakening due to mantle alteration, shear heating, and hydrothermal circulation.
[38] Numerical results predict cooler thermal structures for longer faults and slower slip rates. Although frictional weakening due to alteration may affect the mechanical properties of fault zones, we find that such weakening has a negligible effect on the resulting thermal structure. Similarly, incorporating shear heating leads to only slightly warmer thermal profiles. Hydrothermal circulation, conversely, has a significant cooling effect on the temperature structure in the transform zone, particularly in models with deep, efficient circulation.
[39] Our model can be used to estimate the geometry of the seismogenic zone and the degree of mantle hydration along oceanic transform faults. In contrast to the predictions made using the analytic half-space cooling model, our model predicts that the seismogenic zone along transform faults has a relatively uniform width, consistent with seismic observations. However, the total seismogenic area predicted from the two models is similar. For fault solutions with longer fault lengths and slow slip rates, we predict cooler temperature structure and brittle deformation that extends into the upper mantle. Alteration and subsequent subduction of such zones may play an important role in melting and arc volcanism at subduction zones. The results of our study are a first step toward developing a means of mapping the extent of serpentinization around transform faults that can be quantitatively correlated with along-arc geochemical anomalies.
